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<;fMlTTATED WAVE WATER SCULPTURE water over an appropriately formed surface, wave-like 

SIMULAl WAVlL WAiii-K oi^uLr 1 ui^ ^^^^^^ simulating an unbroken wave face, a white water 

BACKGROUJTO OF THE INVENTION bore, a spilling breaking wave, a breaking tunnel wave or 

other desired wave shapes can be created. 

1. Field of the Invention The present invenUon relates in ^ ^ accordance with one embodiment the present invention 
general to the formation of water sculptures, and, more provides a water sculpture comprising a flow surface with at 
particularly, to a method and apparatus for providing a j^^^ ^ portion thereof having a generally inclined slope. A 
flowing body of water on an inclined surface to produce source of water is provided for injecting a sheet flow of 
simulated wave shapes for aesthetic puiposes such as for ^^^^^ ^^^^ surface such that the sheet flow of water 
water fountains, water sculptures and the like. upwardly onto the inclined slope and substantially 

2. Description of the Related Art conforms to the contours thereof. The flow surface is formed 
The concept of using water to create shapes of aesthetic such that it causes at least a portion of the sheet flow of water 

beauty can broadly be categorized in the field of water to separate from the flow surface producing a simulated 

sculpture. Examples of water sculpture can be seen in water wave form. 

fountains, water geysers and man-naade or simulated rivers jn accordance with another embodiment the present 

and waterfalls. These types of sculptures demonstrate invention provides an apparatus for forming a water 

numerous possibilities for creating different aesthetic water sculpture, comprising a flow surface with at least a portion 

shapes. For instance, in the case of a man-made river, water thereof having a generally inclined slope. A flow source is 

can be shaped by being directed over and around various provided injecting a shallow flow of water onto the flow 

obstacles such as rocks. Water can also be made to fall from surface such that the shaOow flow of water flows upwardly 

heights, as in waterfalls and fountains. Certain fountains outo the inclined slope and substantially conforms to the 

may employ streams of water projecting upward or outward contours thereof. The flow surface further comprises an 

at different velocities, angles and volumes to aeate unique upwardly rising section sized and configured so as to induce 

and appealing shapes, configurations or patterns. separation of the shallow flow of water on said upwardly 
Despite the many approaches to forming water sculptures, 25 rising section, whereby at least a portion of the water flow 

there have been relatively few attempts to create realistic- assumes an airborne trajectory producing visual, aural and/ 

looking wave-like shapes or wave-forms. Of the several or aesthetic appeal. 

attempts that have been made, most have focused on natural in accordance with another embodiment the present 

propagating waves, i.e., waves that simulate conditions invention provides a water awning for a building or flie like 
naturally found on beaches and elsewhere in flie environ- 30 con^rising a tunnel wave water sculpture forming a sheet 

ment Natural propagating wave simulation, however, is not flow of water whidi assumes a trajectory over a waflcway or 

ideal for the formation of water sculptures due to the need entranceway. 

for a deep water source. Because water sculptures typically in accordance with another embodiment the present 

must operate in a limited amount of space using only limited invention provides a walkthrough water sculpture compris- 
amounts of water, deep water wave propagation would be 35 £ng ^ platform or walkway for allowing pedestrians or 

in^propriate for many such soilptures. Further, tiie use of vehicles to traverse a predetermined distance and a flow 

deep water creates problems of cost, size and edacity. surface disposed adjacent to the walkway and having a 

Spedficaily, the reproduction of natural propagating waves generally inclined slope. A flow source is provided for 

in deep water requires expensive water containment and injecting a sheet flow of water onto the flow surface such 
wave generating equipment 40 that the sheet flow of water flows upwardly onto the inclined 

^ slope and substantially confcffms to the contours thereof. 

SUMMARY OF THE INVENTION Thrflow surface further comprises an upwardly rising 

The present invention overcomes many of the limitations section sized and configured so as to induce separation of the 

of the pior art by providing a method and apparatus for sheet flow on the upwardly rising section, whereby at least 
producing natural-looking waves under shallow water con- 45 a portion of the sheet flow of water assumes an aiibome 

ditions. In particular, a water sculfmire is provided that can trajectory ova: the walkway. 

produce several types of wave forms occurring in a natural in accordance wifli another embodiment the present 
deep-water environment, but without the costs or space invention provides a water sculpture, con^rising a con- 
requirements associated with deep water wave jaropagation. toured inclined flow surface and one or more flow sources 
Examples of such natural wave forms include: (1) 50 for providing a flow of water onto the inclined flow surface, 
undulating, unbroken waves; (2) breaking waves forming a that the flow substantially conforms to the contours of 
white water bore; (3) curling or spilling waves; and (4) tube the flow surface. The flow surface further comjffises an 
or tunnel waves. upwardly rising section sized and configured so as to induce 
The invention generally involves the use of a flow surface separation of the flow of water on the upwardly rising 
over which a relatively shallow flow or "sheet flow" of water 55 section, whereby at least a portion of the flow o£ water 
is injected by a nozzle or other suitable means. The tam assumes a path or trajectory that simulates a naturally 
sheet flow is a convenient term to describe water flow fliat occurring wave form. 

follows the general contours of a flow surface. It should not These and other features and advantages of the present 

be construed as limiting in any way the scope or application invention will be readily ^parent to those skilled in the art 

of the present invention. The flow surface is generally 60 having reference to the drawings and detailed description 

inclined, but in other respects may have a contour that is that follows, the invention not being limited to any particular 

widely varied. It may also be tilted or declined if desired. For preferred embodiment(s) described, 

instance, the surface may be symmetrical, asyinmetrical, DESCRIPTION OF THE DRAWINGS 
planar, convex, concave, canted about its longitudinal axis, 

and/or provided with mounds, shapes, forms, or other con- 65 FIGS. lA and IB are perspective views of two ty^s ot 

tours in order to produce a wave of a particular shape or sheet flow water sculptures having features m accordance 

aesthetic appeal. Advantageously, by providing a flow of with the present invention; 
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FIG. 2 is a schematic perspective view of the sheet flow 
water sculpture of FIG. lA. illustrating a sup^critical sheet 
flow of water thereon; 

FIG. 3 is a perspective view of the sheet flow water 
sculpture of FIG. lA, illustrating a critical sheet flow of 
water thereon forming a white water bore; 

FIG. 4A is a perspective view of the sheet flow water 
sculpture of FIG. 1 A, illustrating a spilling wave formed by 
a cross-stream velocity gradient; 

FIG. 4B is a perspective view of a modified sheet flow 
water sculpture, illustrating a spilling wave formed by a 
cross-stream pressure gradient; 

FIG- 5 is a front elevational cross-section view of a tunnel 
wave water sculpture having features in accordance with the 
present invention; 

FIG. 6A is a perspective view of an alternative embodi- 
ment of a tunnel wave water sculpture having featiures in 
accordance with the present invention: 

FIG. 6B is a topographical plan view of the tunnel wave 
water sculpture of FIG. 6A; 

FIG. 6C is a schematic plan view of the tunnel wave water 
sculpture of FIGS. 6Aand 6B Illustrating streamline trajec- 
tories of water flow upon the flow surface; 

FIGS. 7A, 7B and 7C are schematic perspective views of 
the tunnel wave water sculpture of FIGS. 6A-C, illustrating 
three possible modes of operation; 

FIG. 8 is a perspective view of a half-pipe water sculpture 
having features in accordance with the present invention; 

FIG. 9 is a schematic perspective view of an alternative 
embodiment of a half-pipe water sculpture having features 
in accordance with the present invention; 

FIG. lOA is a perspective view of a tunnel wave awning 
water sculpture having features in accordance with the 
present invention; 

FIG. 1 OB is a front elevational cross-section view of the 
tunnel wave awning water sculpture of FIG. lOA; 

FIG, IOC is a schematic plan view of the tunnel wave 
awning water sculpture of FIGS. lOA-B, illustrating stream- 
line trajectories of water flow upon the flow surface; 

FIGS. IIA and IIB are perspective and front elevational 
cross-section views, respectively, of an alternative embodi- 
ment of a tunnel wave awning water sculpture having 
features in accordance with the present invention; 

FIGS. 12A and 12B are perspective and front elevational 
aoss-section views, respectively, of a second alternative 
embodiment of a tunnel wave awning water sculpture hav- 
ing features in accordance with the present invention; and 

FIGS. 13A-C are time-sequenced perspective views of a 
dynamic water sculpture having features in accordance with 
present invention. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

My U.S. Pat. No. 5.236.280 first disclosed the conc^t of 
simulated surfing wave forms in a shallow or "sheet flow" 
wat^ environment One purpose of creating these wave 
shapes was to reproduce desired conditions in which suffers 
and other ride participants could wave-ride on simulated 
waves and thereby perform exciting new water-sMmming 
maneuvers over a sustained period of time. My U.S. Pat. No. 
5.401,117 further expanded this concq)t by providing a 
method and apparatus for containerless sheet flow which 
produced inQ>roved wave shapes for performing surfing 
maneuvers. 
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The present invention further improves and expands on 
this fundamental concept of producing simulated wave 
shapes by forming new and unique water sculptures having 
visual, aural and/or aesthetic appeal. This adaptation leads to 
5 some unique applications, such as an awning for an 
entranceway to a building, or an indoor breaking wave water 
sculpture to complement a surfing or beadi theme. The 
overall result is the creation of a wide variety of desirable 
wave-shapes that can be used generally in water fountains 
and other applications intended for visual, aural or aesthetic 
appeal. 
Definitions 

To better understand the preferred construction and opera- 
tion of the invention as described herein, a few special terms 
are defined below. However, it should be pointed out that 
15 these explanations are intended to supplement the ordinary 
meaning of such terms, and are not intended to be limiting 
in any way. 

A stationary wave is a progressive wave that is travelling 
against the flow of water and has a phase speed that exactly 
20 matches the speed of the current, thus, allowing the wave to 
appear stationary. 

The equilibrium zone is that portion of an upward inclined 
flow surface upon which an actual or hypothetical objea 
may be maintained in equilibrium on an upward Sowing 
25 body of water. Consequently, the upslope flow of momen- 
tum as communicated to the object through hydrodynamic 
drag is balanced by the downslope component of gravity 
associated with the weight of the object 

The supra-equidyne area is that portion of a flow surface 
30 contiguous with but downstream of the equilibrium zone 
wherein the slope of the incUne is sufficiently steep to allow 
an object to overcome the drag force associated with the 
upwardly sheeting water flow and slide downwardly there- 
upon. 

35 The sub-equidyne area is that portion of a flow surface 
contiguous with but upstream of the equilibrium zone 
wherein the slope of the incline is either insufSciently steep, 
flat or declined such that the drag force associated with the 
water flow causes an object to move in the direction of flow 
40 and ultimately back up the incMne in opposition to the 
downslope con^nent of gravity. 

Of course, those persons skilled in the art will recognize 
that the terms equilibrium, supra-equidyne and sub- 
equidyne, as used herein, are relative tenns and may vary 
45 depending upon the size, shape, weight and drag coefficient 
of the actual oc hypothetical object placed in the flowing 
body of water. Nevertheless, they are useful and convenient 
terms for describing the general characteristics of various 
flow suf^rting surfaces as disclosed herein. 
50 The Rroude number is a mathematical expression that 
describes the ratio of the velocity of the flow to the phase 
speed of the longest possible waves that can exist in a given 
depth without being destroyed by breaking. The Froude 
number equals flie flow velocity divided by the square root 
55 of the product of the acceleration of gravity and the depth of 
the water. The Froude number squared is a ratio between the 
kinetic energy of the flow and its potential energy, i.e., the 
Froude number squared equals the flow speed squared 
divided by the product of the acceleration of gravity and the 
60 water depth. In formula notation, the Froude number may be 
represented by the following mathematical expression: 

65 

where: 

v=flow velocity in ft/sec 
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g=acceleration due to gravity in ft/sec" Mneticenergy left. At this point the outer po^on of the she^ 

d=depth of the sheet water flow in ft. flow breaks away from the waU of the incbiie (separaUon) 

Critical flow occurs when the flow's kinetic energy and and continues on a baUistic tojectory with its remaining 

gravitational potential energy are equal. Critical flow has the energy forimng either a spill down or curl over back upon 

a hydrauhc jump resulting from a local convergence of ^^^^ J ^^^^^^ ^^^^ ^^^^^^ 

energy. Because of the unstable nature of wave breaking, breaks away from the wall surface at the point of separation, 

critical flow is difficult to maintain m an absolutely station- partitioning is the lateral division of flows having 

ary state in a moving stream of water given that the speed ot ^^rent hydraulic states. A dividing streamline is the 
the wave must match the velocity of the stream to remain lO ^^^.^^^^^^ defining the position of flow partitioning on the 

stationary. This is a delicate balancing act. There is a match ^^^lcc along which flows divide lateraUy between super- 

for these exact conditions at only one point for one particular ^^^^^ hydrauhc states, 

flow speed and depth. Criacal flows have a Froude number Conforming flow occurs where the angle of incidence of 

equal to one. ^^to entire depth range of a body of water is (at a particular 

Subcritical flow can be generally described as a slower 15 ^^^^^.^^ inclined flow forming surface over 

moving water flow. Specifically, subcritical flows have a ^vhich it flows) predominantly tangential to the flow surface. 

Froude number that is less than 1. and the kinetic energy of consequently, conforming flow upon a flow surface will 

the flow is less than its gravitational potenual energy. If a conform to gradual changes in inclinaUon. e.g., curves, 

stationary wave is in subcritical flow, then it will be a ^^thout causing the flow to separate. As a consequence of 

non-breaking stationary wave. 20 conformity, the downstream termination of an inclined 

Supercritical flow can be generaUy descnbed as faster ^^^^^ ^^^^^ physicafly direct and point a conforming 

moving water flow. Specifically, supercntical flows have a ^ direction aligned with the downstream termination 

Froude number greater than 1, and, thus, the kinetic energy ^^^^^ ^^^^^ direction of a conforming flow can 

of the flow is greater than its gravitational potential energy ^^^^^ ^^^^^ ^ ^^^^ ^^^^^ 

No stationary waves are involved. The reason for the lack of 25 following detaUed disclosure and drawings set forth 
stationary waves is that neither breaking nor non-breakmg ^^^^^^ particularly preferred embodiments of certain water 
waves can keep up with the flow speed because the i^- sculptures having features and advantages in accordance 
mum possible speed for any wave is the square root of the ^.^ ^^^^^^ invention. For convenience throughout the 
product of the acceleration of gravity times the water deptfi. ^^.^^^ exan^les, like numbers are used to refer to like 
Consequenfly, any waves which might form are quickly 30 elements. However, the use of die same or siimlar numbers 
swept downstreanL different figures should not in any way be interpreted as 
The hydrauhc jump is the point of wave-breakii^ of the requiring identity of structure or function. Also, while water 
fastest waves that can exist at a given depth of water. The preferred flow medium those skiUed in the art wifl 
hydraulicjumpitselfisactuallythebreakpomtofthatwave, ^^^^^ appreciate that a wide variety of other suitable 
resulting from a local convergence of energy. Any waves 35 ^ ^.^^ ^^^^ includmg without hmitation col- 
occurring upstream of the hydraulic jun^ in the supercritical Uquids, liquid mixtures, and various beverages, such as 
area are unable to keep up with the flow. Consequently they champagne and the like, 
bleed downstream until they meet the area where the ^ 

hydraulic juir^ occurs. At that pomt, the flow is thicker and Example 1 
the waves can travel faster. Concurrently, the downstream 40 Basic Sheet Flow 

waves fliat can travel faster move upstream and meet at the FIG, lA shows one embodiment of a simple water sculp- 
hydrauUc jump. The convergence of waves at fliis flux point ture 10a havmg features of the present invention. Sectional 
leads to wave breaking. In terms of energy, the hydrauhc lines as revealed in HG. lA are solely for the purpose of 
jun^ is an energy transition point where energy of the flow indicating the three-dimensional shape m general, and are 
abruptly changes from kinetic to potential. A hydrauhc jun^ 45 not illustrative of a specific frame, plan, or profile se<^ons. 
occurs when the Froude number is L Ra&er, it should be noted that a wide variety of dimensions 
White water breaking occurs due to wave breaking at the and configurations for the water sculpture lO^z are compat- 
leading edge of the hydrauhc }ump where the flow transi- ible with the principles and teachings of the present inven- 
tions from critical to subcritical. In the sheet flow tion. Tharefore, fliese principles and teachings should not be 
environment, remnant turbulence and air bubbles from wave so construed to be Imiited to any particular configuration 
leaking are merely swept downstream throu^ the subcriti- illustrated in the drawings or described herein, 
cal area, and dissipate within a short distance downstream of The water sculpture 10a generaUy comprises a sub- 
flie hydrauhc jump. surface structural support 12 and a flow surface 14a, defined 
A bore is a progressive hydrauhc jump whidi can appear by upstream edge 16, downstream edge 18, and side edges 
stationary in a current when the bore speed is equal and 55 20a and 20b. The flow surface 14a is prefa-ably smooth and 
opposite to the current. can be a skin placed over the sub-surface structural support 
Separation is the point where the sheet flow breaks away 12, or the structures can be integrated together, provided that 
from the flow surface. Flow separation results from differ- the flow surface is sufficiently smooth. The flow surface 14a 
ential losses of kinetic energy through the depth of the sheet can be fabricated of any of several well known matenals, 
flow. As the sheet flow proceeds up the incHne it begms to 60 e.g., plastic; foam; formed metal; stretched or reinfcHrced 
decelerate, trading kinetic energy for gravitational potential tension fabric; treated wood; fiberglass; tOe; fluid filled 
energy. The portion of the sheet flow that is direcUy adjacent plastic or fateic bladders; or any other suitable niaterials 
to the wafls of the mchne (the boundary layer) also suffers having a sufifidenfly smooth outer surface and whidi will 
additional kineUc energy loss to wall fiction. These addi- withstand the surface loads involved. Sub-surface structural 
tional friction losses cause the boundary layer to run out of 65 support 12 can be sand/^avel/rock; truss and beam; thin 
Idnetic energy and come to rest in a state of zero wall fiiction sheU concrete; contacted fill; tension pole; or any c^her 
while the outer portion of the sheet flow still has residual suitable materials for firmly groundmg and structurally 
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supporting the flow surface 14a in a manner so as to receive structure of the flow surface is limited to a symmetrical 
flowing water thereon. configuration such as flow surface 14a shown in FIG. 4A. A 

FIG. IB shows an alternate embodiment of a watar cross-stream pressure gradient is the preferred method when 
sculpture 10& having features in accordance with the present the initial supercritical flow 24 moving up the flow surface 
invention. In this case, the flow surface 14fc has a genwally 5 has constant velocity such as shown in FIG. 4B. 
concave curvature transitioning into a convex curvature <kpicts one i^eferred method fc* producing a 

defining a ridge line 18. as shown. Shapmg of the flow simulated spilling wave with a smooth unbroken shoulder, 
surface 14fc helps to determine the shape of the water This wave is created by introducing a cross-stream velocity 
flowing on the surface, as the water generally closely f.^'^f!'^ ^o * supercritical flow of w;ater that moves in 
conforms to the contours of the flow surface 14b due to the 10 5* "f. ^f"""^ *f V^^^' 

nature of shaUow water flow. Of course, many other shapes '^f^KI I.f^^ '^'f" ^""^ *^ ^""^ 

and configurations of the flow surface 14fc may also be used ^upercnUcal flow 24a and 24^ issuing from respecuve flow 
such as a variety of straight, concave and convex curvatures. ^2^ '""^ ^26 at two distmct veloaties and manifest- 

as will be explained below. subsequent coexistmg hydrauhc states, i.e.. a higher 

FIG. 2 is a schematic diagram illustrating sheet flow on 15 supercritical flow 24a over the top of ridge line 18 

the flow surface 14« of FIG. lA. The flow surface 14a is ("f "^'^ted with flow source 22a) and an adjacent lower 
generally incUned upwards. A flow source 22 (e.g.. pump. velocity supercnUcal flow 24fc (assockted with flow source 
fast moving stream or elevated dam/reservoir or nozde) 22&). The white water 30 that results from this cross-streain 
forms a supercritical flow of water 24 in a predominanUy ve ocily gradient is f<^med by a hydrauhc jump 28 located 
singular flow direction 26 (as indicated by arrows) over flow 20 •'^^^'^ *^ "^f ^""^ f L '*? '^'^^ 
surface 14a to form an inclined flowing body of water. There "^^'^ ^ '° *^ ^^0 of the flow surface 

is no minimum or maximum depth for supercritical flow 24. ^^"^ ^^'^^ ^^^^ thus avoiding supercritical flow 
although shallow flows are preferred, with a practical mini- sutaorsion. 

mmn of approximately cm. The depth of water will range ^ cross-stream velocity gradients as descnbed above 
preferably from about Vz to 40 centimeters. The preferred 25 ^ere created by placmg multiple flow sources of differing 
relation of flow depth to flow speed can be expressed in ^'^^'^ ^"^8^ "**f side and smiultaneously projectmg 
terms of a preferred Froude number. A practical regune of "P^°P« f^^. 4A. An alternative way of 

Froude numbers for water flow over surface 14a is from cross-stream velocity gradients employs the use of 

about 2 to about 75. wifli the preferred range being between * ''"^le source of water witti a specially configured nozzle 
about 4 and 25. Hows with Froude numb«s less than 2 are 30 P**""™; instance noz2les with aq^etrical aper- 
prone to contamination from pulsating motions known as '^'^ ^ ^ P'^^^f ^^'^^ . . 

"roll waves" which are acmally vortices rather than waves. ^. ^^""^ ^^''^'^ apim>ach to smulatmg 

The flow surface 14a as shown and described in connec- » 'P*^8 ^ unbroken shoulder is to 

tion with HGS. 1 and 2 can be used to simulate a variety of generate a cross-stream pressure gradient Such cross-strewn 
wave forms, such as a stationary, unbroken wave. Mainte- 35 P'«^^^ g^^^"**^ ^ ^ generated, for example by siUs, 
nance of this "unbroken" wave requires that the fcmetic dy«sions. mjected water, etc The preferred techmque, in 
energy of supercritical flow 24 always exceed the potential ^ Penetrations ox duicontmmty on flow surfa^ 

energy downstream of the edge or ridge line 18. l??.' '1^^^^ increased hydrostatic pressure. In thisregard, 

FIG. 4B shows a wata: sculpture 10c having a flow surface 
Exajnple 2 ^ 14c that is asymmetrically extended (as indicated by dashed 

Simulated White Water Bore lines) to form a downstream ridge line 18 of increasing 

FIG. 3 illustrates a water sculpture 10 with a flow profile elevation. Thus, with a propo- angle and length of flow 
that simulates a stationary white water bore. When the - surface 14c two subsequent coexisting hydraulic states will 
velocity (Le.. kinetic energy) of an upwardly inclined super- result, i.e., the supercritical flow 24a that flows over short- 
critical sheet flow 24, moving in direction 26, is less than the ened side ISa of downstream lidge line 18 will clear and 
gravitational potential energy downstream of the upper edge sustain its supercritical character, while flow 24b has insuf- 
or ridge line 18, then sheet flow 24 will form a hydraulic ficient kinetic energy to clear extended side 18f? of down- 
jun^> 28 prior to reaching downstream ridge line 18. stream ridge line 18 and will subsequently suffer a hydraulic 
Accordingly, white water 30 will roll downward and to the jump 28 and exhibit white water 30 at a lower elevation on 
side as run-off water 32, and, an effect similar to a stationary ^ flow surface 14c of water sculpture 10c. The same effect can 
white water b<M:e will form on the flow surface 14o. Main- be achieved and/or enhanced by causing the extended side 
tenance of this hydraulic state requires that the kinetic 181? to be sloped at a greater angle of inclination than the 
energy of supercritical flow 24 always be less than the flow surface 14c. Thus, in that case, not only is the extended 
potential energy at the downstream edge or ridge line 18. side 186 longer fean the shorter side 18a, it is also at a higher 
The relative position of the hydraulic jump 28 will be elevation. Water sculpture 10c allows spilling white water 
determined by the velocity of the supercritical flow 24. The 30 to ventilate off the side 20 as run-off water 32, ^ain 
higher the velocity, the higher the position of the hydraulic avoiding supercritical flow submersion. 

jump 28 upon flow surface 14o. ^ , , 

Exan^le 4 

Example 3 Simulated Tunnel Wave 

Simulated Spilling Wave 60 One of the most desirable and aesthetically pleasing wave 

A simulated spilling wave with a smooth unbroken shoul- sh^es is the tunnel wave. In carder to simulate a tunnel 
der may be created on a flow surface by two general wave, a portion of the flow surface is shaped so as to form 
methods: (1) a cross-stream velocity gradient and (2) a a generally concave curv^atore. FIGS. 5 and 6 show two 
cross-stream pressure gradient. The use of either method different embodiments of a flow surface particularly adapted 
depends upon overall objectives and constraints of the flow 65 to create a tunnel wave. FIG. 5 shows a flow surface with 
surface structure and available flow characteristics. A cross- horizontal anrature only (ie. curvature only about a hori- 
stream velocity gradient is the preferred method when the zontal axis). FIG. 6 shows a flow surface with both hori- 
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zontal and vertical curvature. These curvatures can be. but in elevation upon elbow region 40. flow 24 begins to turn 
do not have to be. circular. Rather, they can be complex. toward the area of lower pressure as indicated by the sohd 
changing curves, such as. an eUipse. parabola, hyperbola, or streamline 50b. Now flow 24 is no longer following a Uvo 
spir^ ^ desired dimensional streamline. Rather, the streamhne path 50b 

In FIG 5 the flow surface 14d exceeds the vertical at 5 moves in three dimensions due to the cross-stream pressure 
transition Wint 34 and curls back onto itself. The velocity gradient The trajectory of flow 24 as indicated by the solid 
head of thesuperoitical flow 24 is significanUy higher than streamline 50b is spirally shaped, ff hypothrtically ^tended 
the highest vertical point of downstream edge or ridge line (indicated by continued dashed line), flie last half of this 
18 Supercritical flow 24 moves in a conforming flow spiral would be directed downslope and conformmg to the 
upward over the flow surface 14d to form an inclined body lo backswq)t side of the flow surface I4e. 
of water in the shape of a tunnel wave 36. The slope of flow In pit region 42. the flow 24 again rises m elevation and 
surface I4d gradually increases from zero to about negative then turns toward the area of lower pressure as mdicated by 
ten degrees in the figure shown. However, the flow surface soUd streamline 50c. The trajectory of flow 50c is paraboli- 
can also be made to curl substantially beyond the ninety caUy inclined and. if hypothetically extended (indicated by 
degree transition point 34. such that the flow surface itself 15 continued dashed Une). would separate from flow surface 
fornis a substantial portion of a cylinder. Such an embodi- 14e and would arc downward unul reconnectmg in the pit 
ment is shown in HGS. 11 and 12. which will be further area 44. The swale 46 formed in area 48 combined with an 
described later increasing steepness of flow surface I4e results in a para- 

FIG 6 shows a second embodiment of a tunnel wave bolic trajectory that moves up straighter and more verticaUy. 
water sculpture lOe. In addition to producing the desired 20 as illustrated by streamline 50c. This leads to flow separation 
tunnel wave the water sculpture lOe can also produce resulting in the desired stationary tunnel opemng to an 
unbroken waves and spilling waves, thereby producing an unbroken shoulder. As supercritical flow 24 separates from 
overaU effect of a combination of waves. HO. 6A shows a flow surface l<te. its new direction of flow, as indicated by 
basic preferred shape for a flow surface 14e for allowing a the dashed portion of streamline 50c. is generaUy transva^e 
supercriticaUy separating flow to form a tube or tunnel that 25 to the original direction of flow 26. When streamhne 50c 
opens onto an unbroken shoulder. A unique characteristic of reattaches to the flow 26. white water 30 appears and forms 
this basic shape is its ability to enable the sq)arating stream a taU race 52 as guided by taU region 44. 
tunnel to form over a wide range of flow velocities and Aprerequisite to tunnel wave formaUon is that supercnU- 
thicknesses and over a flow surface that is not necessarily cal flow 24 must have at least sufScient velocity to clear 
required to curve past vertical. The basic shape shown in the 30 downstream ridge line 18 mi shoulder area 38. 
perspective view of FIG. 6B generally includes a shoulder Further increases in flie velocity of supercntical flow 24 
regiMi 38. an elbow region 40. a pit region 42 and a tail wiU result in an increase in tunnel diameter. i.e., an mcrease 
region 44 which, as snbsequenUy destribed. cooperate to in aj^arent wave size. 

form the tunnel wave as shown. At least three characteristics of the flow surface influence 

Referring now to the topographic contour shown in FIG. 35 the ov^aU ^pearance of the tunnel wave and each of them 
6B preferred elevations and flow regions are identified. interacts with fte other: (1) 'its shape; (2) its atUtu^ or 
Shoulder region 38 is similar in configuration to previously horizontal angle with respect to the direction of water flow; 
described flow surface sh^s fw unbroken wave faces and (3) its indination or vertical angle with respect to the 
(FIGS 1 and 2). In transitioning to elbow region 40 flow direction of watCT flow. 

surface 14e begins bending or sweeping in smooth curvi- 40 The flow surface of the tunnel wave water sculpture lOe 
linear fashion in a downstream direction. Concurrent with of FIGS. 6A-«B preferably has a shape having concave 
this downstream sweep, flow surface Ue begins to increase curvature both verticaUy and horizontally as indicated. The 
in steepness with downstream ridge line 18 simultaneously shape of the vertical curvature can be a simple arc « cucle 
increasing in elevation. At its maximum angle of sweep. or, more preferably, an arc of a more complex chan^g 
elbow region 40 transitions to a pit region 42 whereupon 45 curve such as an eUipse. parabola, hebx. or sp^. Jt a 
flow surface 14e continues to increase to its maximum changing curve is selected, it preferably changes from tlie 
steepness and concavity and ridge line 18 increases to its opening curve at tbe leading edge through a transition point 
majdmum elevation. Swale 46 serves to ventilate subcritical to a closing curve at the traiUng edgp such *at the ascending 
spillmg white water during start-up. as well as the white water encounters a decreasing radius as it ascends up the 
watCT that appears when the lip of the tunnel reconnects, so flow surface. At a transition point the flow surface begins to 
Swale 46 is fwrned by a smooth sculpted dq)rcssion in curve past the vertical to about negative 10 to 30 degrees, 
sub-equidyne area 48 of the tail region 44. The shape of the horizontal curvature can be a simple arc or 

FIG 6C illustrates streamline characteristics of water circle, ca:, more jaefcrably. a pcation of a more con^lex 
flow from a suitable flow source 22 (e.g.. pun^. fast moving changing curve such as an ellq)se, parabola, hehx. or spmal. 
sfream or elevated dam/reservoir) providing a supercritical 55 The horizontal attitude of the flow surface with respect to 
sheet flow of water 24 in an initial flow direction 26. The the direction of water flow can vary within certain limits so 
hydrauUc characteristics of flie flow and its synergistic as to faciUtatc the formation of the tunnel wave. Smce the 
interaction with the flow surface 14e is best described by front surface of flie concave curvature has varying degrees 
reference to each respective sub-region. along its horizontal axis for purposes of orientation an 

In shoulder region 38. the sole source of outside pressure 60 extension of upstream edge is used to mdicate varying 
is due to gravity The unifMm rate of surface incline resulu horizontal attitudes of tiie front face tiiorefrom. Accordmgly. 
in flow 24 taking a predominandy two dimensional straight upstieam edge varies from substantially peipendicular to the 
trajectory up flow surface 14c and over downstream ridge dkectionof water flow to a preferred angle of approximately 
line 18 as indicated by a streamUne 50a. 35^5 degrees, as shown. 

In the elbow region 40. a backwards or downstream 65 Two additional factors are particularly uiqwrtant with 
sweep in flie inclined portion of surface 14e creates a low respect to the inclination: ( 1) the change in angle of incline 
I^essure area towards flie backswept side. As flow 24 rises relative to die depfli of water is preferably sufEaentiy 
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gradual to avoid separation or deflection of streamlines; and field of water sculpture. One particularly exciting possibility 
(2) the angle of release (the line tangent to the front face of is the ability to reproduce the experience of actually being 
the downstream edge when compared to the vertical) is inside a tunnel wave. The sight, sound and sensation of 
p-ef erably beyond vertical as shown (although this is not walking through a tunnel wave is a thrilling experience and 
necessary). Amounts of incline beyond vertical may vary, as 5 has heretofore only been avaUable to relatively few people 
desired; however, a preferred amount is about 10 degrees. in the world capable of surfing in a naturally occurring 
FIGS. 7A, 7B and 7C illustrate yet another unique feature tunnel wave or tube. Advantageously, the subject invention 
of a flow surface Ue as configured in EEG. 6. In this allows this prized experience to be enjoyed by virtually 
embodiment, the wave shape can be formed by way of a anyone who can walk or otherwise traverse down a walk- 
progressive increase of the velocity of the water flow so as way. The particular examples discussed herein should not be 
to cause transformation of supercritical water flow 24 that construed as limiting the present invention in any way. 
originates from a water source (not shown) in direction 26 Rather, these teachings apply generally to any application 
to a stationary white water bore along the entire upper ridge which can take advantage of the aesthetic appeal of simu- 
of the flow surface (as illustrated in FIG. 7a); to a stationary lated wave shapes. 

spilling wave with an unbroken shoulder (as illustrated in FIG. lOA shows a tunnel wave water sculpture lOh 

FIG. lh)\ to a stationary tunnel wave with unbroken shoul- forming an entranceway or awning for a building. A giant 

der (as illustrated in FIG. 7c). If desired, this progressive tunnel wave 36*2 is formed at the entrance area 70 of a 

water sculpture may be formed using a suitable flow surface building 72, as shown. A walkway 74 is surrounded by a 

to create a dynamic ''flow transformation process" cuimi- pool of water 80 and extends through the tunnel wave 36a 

nating in the formation of a tunnel wave. in order to allow a person 76a to walk through the tunnel 

20 wave 36a to enter or exit the building 72. The tunnel wave 

Example 5 thereby forms a unique water "awning** for the building. 

Half-Pipe How Configurations q^^^^ ^^^^ may also be formed adjacent other 

To this point, the sheet flow upon the flow surface has portions of the walkway 74, as desired. For instance, to the 

been described as issuing at either an upward mclme or ^^^^^ ^^^^^ ^^^^^^ ^^^^ 3^ ^^^^^^ tj^^t 
horizontally. Howev^, water flowing upon downhiU ran^s ^5 ^oes not extend over the walkway 74. Several other wave 

may also have advantages in connection with simulated shapes could also be formed to surround the walkway and/or 

wave fornaation. When the source for such flow is from a buHding, diereby enhancing the aesflietic appeal of the 

punq> or darn/reservoir with associated aperture, e.g., overall structure. The water sculpture 10/j may be appropri- 

nozzle, there is significant likelihood that obUque waves ^^^j^ contoured in accordance with any variety of flow 
(i.e., non-coherent streamlines) wifl form at an angle to the ^ surfaces described above to form a variety of desired wave 

flow as a result of boundary layer disturbances associated ^^^^^^ non-broken waves, white water bores, spill- 

with the aperture enclosure. ObUque waves may grow and . ^^^^^ ^^^^^ ^^^^^ ^^^^ combination waves. If 

lead to choking of an entire flow. The use of downhill ramps desired, an optional waterfafl 75 or other water effect may be 

can help solve or mitigate this problem by encouraging provided between the interface of the tunnel wave and the 

smooth sheetmg flow. Further, downhiU ran^s add new building 72 in order to mask undesirable dry or exposed 

possibilities for the creation of water sculptures with ^^^^ dramatic Whitewater effects, expand- 

enhanced visual, aural or aesthetic appeal. enhancing the visual, aural or aesflietic appeal of flie 

FIG. 8 shows a water sculpture 10/ having an angular sculpture 10/t and flie associated building 72. 

extension of inclined flow surface 14/ creating a downhill ^j^^^^ ^^^^ ^^^^ awning water sculpture 

ramp 62 upon which flow source 22 initially issues super- ^ . cross-section taken along section lines 

critical flow 24. This extension or downhill^an^) 62 can also lOB— lOB. One or more flow sources 22 are located under- 

be characterized as an extension of the sub-equidyne area of ^^^^ walkway 74 submerged wifliin the pool of water 

flie flow surface 14/ and creates a downhill ran^) 62 of sources 22a-i flows through a 

sufficient decline to inhibit obUque wave fomiation (i.e., ^^^^ ^ ^^^^ ^ inclined flow surface 14g fliat is contoured 

obHque waves are swept downstream). The declined ranq) ^^^^^ ^ ^^^^^ ^^^^ ^ 

62 then transitions to an extended intermediate area 48 curve past vertical at fliis point depending flie desired effect 

before ascending up flie incHned ran^ and over the down- upstream contour of tiie flow surface Uh. Water 

stream edge or ridge Hne 18. fonning the tunnel wave 36a flows over the walkway, as 

The various sections of flie flow surface 14/of FIG. 8 need ^^^^^^ ^^^^ of water 80 where flow source 

not be so weU-defined. Rattier, tiie surfaces can be graduaUy 5^ 22 is located. Therefore, water recycling is advantageously 

curved so as to form a continuous curving surface between employed. If desired, an optional shield 77 may be provided 

flie upstream edge 16 and tiie downstream edge 18. In a .^^j^ falling tunnel wave 36^ and extending 

particularly preferred configuration, fliese surfaces can fOTn ^^tward from ttie building entranceway 70 to protect per- 

a half-pq>e flow surface 14g, as shown in FIG. 9. The ^^^^ walkway 74 from getting wet 

half-pipe water sculpture lOg consists of a source pool 66 TheoreticaUy, no pool or water reservoir is required for 

fliat suppHes a flow of water fliat turns to a supercritical flow ^^^^^ sculpture since a flow from a suitable flow source 

of water 24 shatly after overflowing the upstream edge 16. ^ required. However, where water recycling is 

The water flien flows in a direction 26 across tfie half pipe preferred, low channel wafls can be constructed to retain flie 

and over flie downstream ridge or edge 18, and into a fl^^ing ^ater wifli a lower collection pool recycling puir^ 

receiving pool 68. Numerous ottier configurations mvolvmg ^ appropriate conduit connected back to flie upstream flow 

downhifl ramps, horizontal surfaces and inclined surfaces ^^^^^ channel containment need only be large 

are also possible by varying the curvature and choice of flie ^^^^^^ ^^^^^ ^^^^ ^^^^ ^^^^ the returning 

flow surface 14g. water of the tunnel wave will remain more or less stationary 

Example 6 within the containment structure. Thus, such a structure can 

Tunnel Wave Awning 65 be constructed even in a limited amount of space. 

The ability to create stable simulated waves as described FIG. IOC shows a schematic plan view of the tunnel wave 

above leads to several additional unique possibilities in tiie awning water sculpture of FIGS, lOA-B, illustrating a 



